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INTRODUCTION

L
iverpool Bay is a shallow shelf sea that experiences
many coastal processes with influencing factors
both natural and human. A range of dynamic
processes including freshwater inputs, strong tidal

influences, large tidal ranges (>10m) and shallow water
depths (<50m) are all present, as well as a densely populated
coast with industrial and recreational activities.1, 2 Freshwater
inputs from the Dee, Ribble and Mersey rivers can discharge
up to 600m3s−1 each3 causing complicated horizontal and
vertical gradients. Tidal forcing in Liverpool Bay is the dom-
inant current process, in particular the semidiurnal M2 tide
with maximum spring amplitudes up to 1ms−1.4 Waves are
only locally generated in the Irish Sea so there is an absence
of any long period swell, and significant wave heights do not
exceed 5.5m.2

The Liverpool Bay Coastal Observatory (for key features
see Fig 1) was established by the National Oceanography
Centre (NOC) in 2002. It operates and maintains a variety of
equipment including a SmartBuoy, High Frequency (HF)
radar, X-band radar, two Acoustic Doppler Current Profilers
(ADCPs), tide gauges and satellite imagery as well as con-
ducting regular ferry measurements.2 Various parameters are
measured including currents, winds, significant wave heights,
wave periods, salinity, temperature and suspended sediment.1

Continuous measurement is important as long time series
datasets ensure measurement techniques sample large vari-
eties of anthropogenic influences and environmental condi-
tions as well as identifying trends, dynamics, and their
changes. Models of these processes undergo constant testing
and development, also requiring the continual collection and
assessment of data; for example the Proudman Oceanographic
Laboratory Coastal Ocean Modelling System (POLCOMS)
uses data to improve the value of its results testing model
outputs against events as they happen.5 Data can also be
assimilated into models to keep them on track and to validate
and improve their underpinning physical principles. 

HF radar current measurements in Liverpool Bay have
been assessed by comparison with ADCP using a two-year
time series from January 2006 to December 2007, a much
longer period than previously compared. The ADCP and HF
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radar have both been established current measurement
techniques for several years and operate on the principle of
determining measurements from frequency shifts of a known
signal. HF radar utilises Bragg scattering characteristics of
the backscatter from ocean waves with half the radar trans-
mitting wavelength, first identified by Crombie.6 The
associated frequency shift in the first-order backscatter signal
determines surface currents while the relative amplitude
difference from currents moving directly away and towards
the radar are used for wind directions. The second-order
backscatter measures wave parameters, the theoretical formu-
lation for which was set out in the 1970s.7, 8 Vigorous testing
of HF radar wave measurement techniques has recently
included the European Radar Ocean Sensing project
(EuroROSE)9 and testing of the Pisces HF radar.10 The
ADCPs operate by emitting mono-frequency sonar pulses in
known directions from a transducer into the water column.
The pulse is then scattered off any suspended particles caus-
ing a Doppler frequency shift from which the component
velocity along the direction of each beam averaged over a
range cell is calculated.11

There have been several studies on the current measure-
ment agreement between HF radars and ADCPs as well as
other fixed moorings such as current meters and 
buoys.2, 12, 13, 14, 15, 16 These have provided better understanding of
the physical processes involved, allowed ongoing performance
assessment and motivated improvements in measurement
capabilities. They involve the comparison of radar surface cur-
rent measurements with near surface current (exact depth
depending on the particular instruments and deployment)
obtained from the in-situ measurement device. Table 1 sum-
marises several studies between HF radar and fixed moorings,
in particular ADCPs, and is intended for reference purposes but
is by no means complete. These studies share similar character-
istics with Liverpool Bay and/or the HF WERA radar utilised
by NOC, as well as comparing a mixture of current radials,
dual east (u) and west (v) current components, and dual current
vectors. Types of radar and fixed mooring vary and include the
Ocean Surface Current Radar (OSCR),12,13 the Coastal Ocean

Dynamics Applications Radars (CODAR),12,15,16 and the WEllan
RAdar (WERA radar).2 In spite of all these studies there
remains some scepticism about the accuracy of HF radar cur-
rent measurements and it is hoped this two-year comparison
will provide further solid evidence to confirm the place of HF
radar as an operational current measurement technology. 

Spatial and temporal averaging of currents measured by the
ADCP and HF radar is inherent in their methodology and
improves the accuracy of each technique but, by nature,
impacts on their current measurement comparison. Spatial
averaging of the radar occurs horizontally in range and azimuth
according to the radar configuration and from the surface to a
depth of λ/8π, where λ is the transmitted wavelength.17 The bed
mounted ADCP current measurement is averaged through 1m
vertical bins the top of which will always be approximately 2m
below the surface. Physical mechanisms such as the Ekman-
veering18 and Stokes drift will cause differences and during
strong wind-forced conditions are considered to be the domi-
nating difference sources.19 A geometric model applied by
Chapman and Graber19 concluded an upper bound for the root
mean square (rms) difference of the radar derived dual current
vector to be 15cm/s−1 and predicted a lower rms difference for
radial derived currents of 7–8cm/s−1. This was for the case
when no error associated with the cross-over angle, the angle
between the look directions of two radar beams for a particular
duel current measurement, was present.4

Clutter is another error source. This will generally be inde-
pendent to each measurement technique – for example radio
frequency interference (RFI) affects radar but not the ADCP.
Physical objects such as ships, buoys, land and wind turbines
are more likely to affect the radar as its spatial coverage is so
much greater and the ocean surface clutter is directly
observed. A clutter source specific to the Liverpool Bay HF
radar is wind farms. There are currently three operational wind
farms – Rhyl Flats (RFWF), North Hoyle (NHWF) and Burbo
Bank (BBWF) – with 25 to 30 turbines. Gwent-y-Mor wind
farm is also proposed for the region. This will become ever
more problematic as wind farms and wind turbines increase in
size and number as there is an obvious influence on scattering
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Fig 1: Liverpool Bay features. Hilbre Island MET
station, ADCPs at sites A and B, indicated with
a bold blue ‘×’ and bold red ‘+’ respectively, HF
radar operational sites Llanddulas and Formby,
dual current and wave coverage cells, the 
centre of which shown by a small ‘+’, and the
North Hoyle wind-farm
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characteristics and noise levels in their vicinity.2 Established in
2003 NHWF is the oldest wind farm in Liverpool Bay. This
region of radar footprint is investigated for any degradation of
the radar current measurement and as a start to fully under-
standing the radar-wind farm interaction. Howarth2 also
briefly considered this region and concluded there was no
obvious impact on the current measurements. 

The error sources and the comparison of HF radar wave
measurements20, 21 are not discussed any further here.

ADCP
NOC operate two 600kHz ADCPs at sites A and B shown in
Fig 1. These are bed-mounted emitting four orthogonal
beams inclined 20° from the vertical. Backscatter is returned
to the transducers from particles in the water column. This
allows current velocity in the direction of the transducer to be
calculated from any Doppler shift with range-gating being
used to determine the position of the scattering particles. Data
is based on ensembles of 100 pings every 10 minutes and
recorded in 1m bins from 2.5m above the bed through the
height of the water column to 2m below the surface, a limit-
ing depth due to increasingly prevalent side-lobes. 

ADCPs used by NOC are generally considered to have 
an accuracy of 0.2% of the measured current magnitude 
± 0.5cm/s–1.22 The ADCP accuracy is, however, highly 
variable and dependent on several factors including the
installation characteristics where for non-zero pitch and roll
angles individual beam velocities are at different vertical
depths in the water column. For example a roll of just 1° and
a current magnitude of 50cm/s−1 typically introduce errors of
1cm/s−1.23 Data is available in near to real time via satellite.
Regular servicing is carried out every 4–6 weeks1 during the
summer and becomes less frequent during winter months.
Inconsistencies can arise in longer ADCP current time series
as different instruments of the same type have been deployed
at locations A and B and, due to the logistics of maintenance
and repair, gaps in the time series can be large.

HF RADAR
HF radar is a widely used remote ocean sensing tool for
measuring currents, winds and waves via ground-wave prop-
agation. Crombie6 first identified the relationship between the
transmitted wavelength and resonant backscatter from the
ocean surface from waves of half the transmitted wavelength,
referred to as Bragg scattering. This enabled the measurement
of radial current speeds in the direction of the radar look
angle via a frequency shift in the Doppler spectrum of the
backscattered signal.

Several HF radar systems have emerged over the years,
the first of which was CODAR,8 developed by the National
Oceanic and Atmospheric Administration (NOAA). CODAR
was designed for compact rapid deployment and uses
direction finding techniques to map ocean currents. Barrick7

mathematically related the second order Doppler spectra to
the ocean wave spectrum and HF radars were developed to
provide measurements of the sea state. These included the

phased array Pisces radar developed in the UK in the late
eighties24 and the WERA, developed by the University of
Hamburg25, 26 which can be arranged for direction finding or
phased array measurements.

The Liverpool Bay Coastal Observatory has operated a
HF WERA radar since 2005. It consists of two sites each with
a co-located transmit and receive antenna measuring radial
currents (currents travelling directly towards or away from
the radar) which are then resolved for the dual current vectors
as well as wind and wave parameters. Operating at 30W and
approximately 13MHz (the exact operating frequencies differ
to allow simultaneous data acquisition) each radar transmits a
frequency modulated continuous wave (FMCW). The receive
antenna is a 16 linear phased array whip antenna parallel to
the coast and with λ/2 spacing, where λ is the transmit wave-
length, and uses beamforming27 to determine bearing angle. 

Optimum angular resolution for the WERA system is
given by λ/D, where λ is the transmit wavelength and D is the
receive antenna array length.27 In Liverpool Bay this is 7.6°.
Emery16 calculated the bearing accuracy of the CODAR radar
to be in the region of 4–10° and any angular agreement
between the radar and ADCP of this order is acceptable. At
13MHz the current is depth averaged to approximately 1m,17

temporally averaged over 8 min, 52 sec every 20 min and
recorded on a 4km rectangular grid up to a 75km range. 
Fig 1 shows the region of dual current and wave coverage. 

Data from the radar is available in near to real time with
excellent spatial coverage of near surface currents compared
to those of fixed moorings, such as buoys, drifters and
ADCPs. The radar configuration and in-situ conditions are
fairly constant and yield a more consistent time series with
fewer and smaller gaps than that of the ADCPs. 

HF RADAR/ADCP COMPARISONS
The results compared in this study, shown in Table 1, range
over the past 15 years. Accuracy and improvements during
this period are mainly due to analysis and processing tech-
niques as the physical measurement techniques for current
measurement have been established for many years prior to
this. Most advances in HF over the past 15 years have been in
the development of wave parameter estimations.5,9,10,26

Physical system set-up is incredibly important. Radar
measurement range and the extent of the radar footprint are
determined by a combination of factors yet can be limited due
to physical set-up in the radar siting and orientation. The
deployment environment is also dynamic and for longer time
series maintaining a consistency is important; however, it is
only with the longer time series that a particular radar site will
have the opportunity to be developed and measurements opti-
mised. 

HF radars and ADCP radial current correlations in
previous studies vary from as low as 0.5812 to 0.88.16 Radial-
ADCP current comparisons are highly dependent on the
physical situation of the radar and current orientation in
relation to the radar measurement. Paduan28 found increased
correlations when a high percentage of current was in the
direction of the radar radial measurement, as was the case for
the Santa Cruz (SC) and Point Pinos (PP), compared to when
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it was not, as was the case for Moss Landing (ML) (see 
Table 1). The radial-ADCP comparison for this study is there-
fore expected to give mixed results with those from Formby,
mainly orientated with the dominant east-west current, hav-
ing better correlations than the Llanddulas radials, which are
orientated with the smaller north-south current. For the same
reasons a u and v component comparison in Liverpool Bay is
expected to find a high u and low v correlation as was found
by Kelly15 when comparing the dominant along-shelf and
lesser cross-shelf current components (Table 1).

Howarth2 compared the ADCP and HF WERA radar cur-
rent time series for Liverpool Bay using data collected in
2006. The complex correlations between the HF radar and
ADCP were determined to be 0.94 and 0.93 at A and B,
respectively and the M2 tidal amplitudes and phases were
found to have high agreement. The rms difference between
radar and ADCP calculated in other studies ranges from
5–20cm/s−1 and higher correlations are generally associated
with smaller rms differences, as found by Teague,14 but this is
not always the case, as shown by Fernandez and Paduan.12

Generally rms differences for good correlations, as expected
in Liverpool Bay, will be around 8–12cm/s−1 (Table 1). The
rms difference will also be related to the magnitude of the cur-
rent being considered, as larger currents have the potential for
larger differences in magnitude, as found by Fernandez and
Paduan,12 when low amplitudes resulted in an rms difference
of 8.5cm/s−1, but the time series only had a correlation of 0.4.

The ADCP configuration in Liverpool Bay has a theoreti-
cal accuracy for determining currents of 0.7cm/s−1. Due to the
sampling frequency the theoretical accuracy of each radial
measured by the Liverpool Bay WERA radar is 9cm/s−1, sig-
nificantly larger than the ADCP. This, however, is improved
by finding the peak of a quadratic fitted to the logged values
of the Doppler spectra around the Bragg-scattering first order
peak. When the two radials are combined for a dual current
vector their cross-over angle, β, and the current alignment rel-
ative to the radial, α, introduces an error magnification that
will be less than 1.5 for β < 1.3α and less than 4 when β > 30°.4

The angle between two radials is generally required to be
>30° and <150° when resolving for the current vector.29

The amplification factor is greatest where the difference in
look angle approaches 180°, however, in Liverpool Bay this
region is also outside the required 60° region from the bore-
sight of the radar, where side lobe contamination is prevalent
and dual currents and waves are not resolved. Chapman and
Graber19 showed these geometric errors can be estimated by
using the HF radar radial current measurements and the com-
ponent of the ADCP current in the direction of the radial being
considered.4 This eliminates cross-over as it is a single radar
measurement. An estimate for the magnitude of the cross-over
angle error can be obtained by taking the difference between
the rms difference of the ADCP and radar radial current and the
rms difference between the ADCP and the dual current vector. 

Howarth2 used an ADCP bin at a constant height above
the bed to compare directly with the HF radar surface current,
18.5m at site A and 20.5m at site B. Site A has the largest
water depth variation and the 18.5m bin varies between 2 and
10m below the surface in a mean water depth of 24m. In order
to be directly compared with results from2 the same bins have
been used for this HF radar-ADCP comparison. A pressure

sensor mounted on the ADCPs gives the height of the water
column at that location and is used to select the correct bin
height above the bed to produce a 2m and 3m below-surface
time series. This is also compared to the various radar current
measurements as well as the ADCP measurements for a
constant bin height to see if a particular method gives signif-
icantly different results.

The comparison is based on hourly values of HF radar and
ADCP measurements available between 1 January 2006 and
31 December 2007. Outliers occur in both current time series
but are more prevalent in the HF radar measurements.
Physically unrealistic current speeds for Liverpool Bay were
removed from both the HF radar and ADCP time series before
comparison applying a threshold of 4 times the average current
speed. The threshold value was required to filter out spikes of
obvious instrument error in the data and not intended to filter
measurement noise or mask real measurement differences
between the ADCP and HF radar. The current time series from
both the ADCP and HF radar were inspected and this thresh-
old was found to include over 99% of the time series data in
all datasets with only very large spikes being removed.

TIDAL ANALYSIS
The method of Least Squares harmonic analysis tidal decom-
position was applied to both the radar and various depth
ADCP u and v currents following the method in Emery and
Thomson.30 This method is commonly used for tidal analy-
sis13, 15, 31, 32 as it easily incorporates large gaps and missing data
points. This method also has the advantages of being able to
pick out the amplitudes and phases of specific frequencies
which is especially useful due to the known celestial forcing
of the tides,33 and is less intensive computationally than, for
example, a Fast Fourier Transform (FFT). The FFT also
requires a continuous time series requiring interpolation of
the data for the many small gaps of an hour or less as well as
gaps of up to a few days reducing the validity of the results.30

Howarth2 reported 90% of the observed current variance
in Liverpool Bay to be due to tidal forcing with the semi-diur-
nal tides dominant, and also compared the semi-diurnal M2

tidal constituent ellipse parameters as quality indicators of the
HF radar measurement and found close agreement with
ADCP A and B. 

Amplitudes and phases for 10 tidal frequencies were
obtained from the ADCP and HF radar current time series.
These frequencies cover a range of the main tidal forcing fre-
quencies significant in Liverpool Bay and are the diurnal O1

and K1, semi-diurnal, N2, M2, S2, and K2, and a sample of their
subsequent harmonics, MS4, S4, M4, and M6. Calculations
using an extended selection of 20 tidal frequencies were also
considered but not found to improve results. The amplitude
and phase of each tidal frequency can be used to construct an
estimated current time series which can then be subtracted
from the original data to obtain the residual time series. 

The tidal residual time series can also be used to investi-
gate wind forcing on surface currents and show how surface
effects very at different depths of ADCP measurement.
Ebuchi32 defined the residual time series as the HF radar cur-
rent minus the ADCP current. This assumes the ADCP bin
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and the surface currents are the same and removes more of
the tidal energy compared to subtracting the calculated tide
from the observation, which maintains some tidal energy most
likely cause by a slightly varying phase. With this Ebuchi
found weak positive correlation between both components of
the current vectors of 0.26 and 0.4 and linear regressions
slopes between residual current and wind velocity to be of the
order of typical magnitudes for wind drift.

In this study both definitions of residual current are applied
and the resulting residual time series are compared with the
wind velocity measurements taken on Hilbre Island (Fig 1). 

RADIAL RESULTS
Radial currents from several radar cells were compared with
ADCP currents in the radar measurement direction 18m
above the bed at ADCP A (ADCP-Aab18) and at 20m above the
bed at ADCP B (ADCP-Bab20), a selection of which are given
in Table 2. All correlations were calculated at the 95% signif-
icant level, or greater, and found to have a confidence interval
of ± 0.01 or better.

Formby radial measurements have correlations of 0.96 ±
0.002 at the 99% confidence limit with both ADCP Aab18 and
Bab20. The Llanddulas current radial correlations with ADCP
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Mooring and Measurement details r RMSD cm/s Mean current speed cm/s 
Radar ADCP

ADCP Aab18 – R234 Radial – Llanddulas 0.87 10 17 17
ADCP Bab20 – R136 Radial – Llanddulas 0.82 11 15 16
ADCP Aab18 – R234 Radial – Formby 0.96 13 37 37
ADCP Bab20 – R136 Radial – Formby 0.96 13.8 39 36
ADCP Aab18 – R198 (wf) Radial – Formby 0.87 17.2 29 29
ADCP Aab18 – R217 (wf) Radial – Formby 0.89 16.3 29 30
ADCP Bab20 – R198 (wf) Radial – Formby 0.91 14.1 29 29
ADCP Bab20 – R217 (wf) Radial – Formby 0.93 16.8 37 39

u v u v u v
Radar ADCP Radar ADCP

ADCP Aab18 – R234 0.97 0.58 13.3 11.8 37.7 37.6 11.2 8.1
ADCP Abs2 – R234 0.95 0.70 14.5 9.7 36.9 9
ADCP Abs3 – R234 0.96 0.61 12.6 10.6 38.7 8.7
ADCP Bab20 – R136 0.98 0.57 14.3 10.4 41.6 39.5 10.3 11
ADCP Bbs2 – R136 0.94 0.72 16.9 7.3 38.2 11.7
ADCP Bbs3 – R136 0.97 0.71 12.3 8.4 40.2 11.5
ADCP Abs2 – ADCP Abs3 0.99 0.96 8 3
ADCP Bbs2 – ADCP Bbs3 0.97 0.87 12 6
ADCP Aab18 – R198 (wf) 0.82 0.28 30.3 26.8 42.5 15.9
ADCP Aab18 – R217 (wf) 0.83 0.27 30 29 42.9 18.9
ADCP Bab20 – R198 (wf) 0.88 0.40 26.2 26.5
ADCP Bab20 – R217 (wf) 0.89 0.40 25.7 29.1

Radar ADCP
ADCP Aab18 – R234 0.93 (2.4) 14.3 39
ADCP Aab3 – R234 0.83 (9.67) 21 41.0 28.4
ADCP Abs2 – R234 0.93 (0.05) 13.9 39.1
ADCP Abs3 – R234 0.93 (−0.05) 13.7 40.6
ADCP Bab20 – R136 0.94 (−2.7) 14.6 42
ADCP Bab3 – R136 0.89 (2.43) 22 44.1 30
ADCP Bbs2 – R136 0.92(−0.06) 15.8 41.2
ADCP Bbs3 – R136 0.95 (0.07) 12.3 42.9

u v u v u v
Radar ADCP Radar ADCP

ADCP Aab18 – R234 0.38 0.18 12.4 12.2 9.1 8.3 8.5 5.6
ADCP Abs2 – R234 0.42 0.45 10.2 10 9.7 6.8
ADCP Abs3 – R234 0.48 0.42 12.2 11.8 8.6 6.1
ADCP Bab20 – R136 0.61 0.40 13.0 10.3 9.9 9.5 7.3 6.4
ADCP Bbs2 – R136 0.39 0.47 12.3 7.6 11.5 7.3
ADCP Abs3 – R136 0.53 0.47 12.1 9.1 8.9 6.3

Residual current of
ADCP and dual
radar in East (u)
and North (v) 

component form

ADCP and dual
Radar complex 

current 
measurement

(phase degrees)

Component
form East (u)
and North (v)

ADCP and dual
radar currents

Table 2: Correlations, r, and root mean square differences, RMSD, between the 2006–2007 Liverpool Bay current time series
from a 13 MHz HF-radar and 600 KHz ADCP. ADCPs are bed mounted and measurement bins are 2m and 3m below the 
surface (bs2 and bs3 respectively) or h metres above the bed (abh). Radar cell 234 (R234) is co-located with ADCP A and radar
cell 136 (R136) is co-located with ADCP B.Wind farm (wf) cells are R198 and R217. Mean current speeds in cm/s, where the
absolute value of the current velocity is averaged, is also listed
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A, 0.87 ± 0.004, and ADCP B, 0.82 ± 0.005, at the 99%
confidence limit are lower than for Formby but the results
still exceed those found in previous investigations (see 
Table 1). Previous HF radar and ADCP correlations, includ-
ing Fernandez and Paduan,12 using a 25MHz OSCR radar, and
those of Emery16 and Paduan,28 both of whom used a 13MHz
CODAR radar, had correlations ranging between 0.5 and
0.72. Previous studies have, however, used ADCP data from
9m and 20m below the ocean surface which is below the
measurement averaging depth of the HF radars.

Fig 2 shows HF radar cell 136 radial currents from 
a) Formby and b) Llanddulas compared with ADCP-Bab20.
The component of the current in the direction of Llanddulas
is clearly seen to be smaller in magnitude than that of
Formby, with an average current magnitude of almost half
(see Table 2). This causes a larger rms differences between
the Formby HF radar and the ADCPs, 13cm/s−1 and
13.8cm/s−1 with ADCPs Aab18 and Bab20, respectively, com-
pared with those between the Llanddulas HF radar and the
ADCPs, 10cm/s−1 and 11cm/s−1 at ADCP Aab18 and Bab20

respectively. These rms differences also fall mid-range of
those previously reported, but are smaller compared with
their mean current magnitude.

Table 2 also gives the correlations for ADCPs A and B
with the Formby HF radar radials at cells 198 and 217, which
are co-located with the North Hoyle wind farm. ADCP B is
in closer proximity to the wind farm and has better agree-
ment than ADCP A for these cells with higher correlations of
0.91 and 0.93 and smaller rms differences of 14.1cm/s−1 and
16.8cm/s−1 at cells 198 and 217, respectively. The correla-
tions at the wind farm are less than at the ADCP locations but
they are still in excellent agreement and exceed those of 
previous studies; however the rms differences are notably

larger. Other influencing factors such as measurement angle
and distance from the ADCP are likely to have the biggest
impact on current agreement in this region. 

U AND V RESULTS
The comparison of the u and v current components between
radar cell 136 and ADCP-Bab20 are shown in Figs 3a and b
respectively. Fig 3 reflects Fig 2 and clearly demonstrates the
domination of the east-west currents in Liverpool Bay with
the north-south component having a mean magnitude of
roughly 25% that of the east-west current (see Table 2). The
correlations of the u component between the radar and
ADCPs are much higher than found in previous studies, being
0.97 ± 0.001 with the ADCP-Aab18 and 0.98 ± 0.001 with
ADCP-Bab20, both at the 99% confidence limit. The correla-
tions for the north current component are 0.58 ± 0.01 and 0.57
± 0.01, again at the 99% confidence limit, for ADCP-Aab18 and
ADCP-Bab20 respectively. These are significantly less than for
the u component but compare well with the correlation of
0.58 for the non-dominant current component between the
radar-ADCP study by Paduan and Rosenfeld.34

The rms differences are reasonable compared to radar-
ADCP comparisons overall but are towards the large end of
the rms difference range of 6.2–13.3cm/s−1 found in previous
studies for component currents,12, 14, 34 (see Table 1). Despite
the large correlation differences in Liverpool Bay between u
and v components the rms differences are similar. Therefore
the rms difference expressed as a percentage of the mean
current magnitude is thought to better indicate the level of
agreement between the radar and ADCP measurements, as
was the case for radial currents. 
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Fig 2:The comparison of HF radar cell 136 radial currents from a) Formby and b) Llanddulas with the ADCP B component 
of current in the measurement direction for a two-year time series. R is the correlation and RMSD the root mean square 
difference
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ADCP measurements at 2m and 3m below the surface
were also compared as u and v components with the radar
(Table 2). For ADCP currents 2m below the surface the rms
difference was found to be larger than those at a constant bin
height by an average of 2cm/s−1, however using ADCP cur-
rents at 3m below the surface improved the rms difference by
an average 1cm/s−1. This may indicate that the ADCP current
is noisier at 2m below the surface possibly due to side lobe
contamination from the surface. This is supported by the fact
that at ADCP B the rms difference at 2m below the surface
was 4cm/s−1 larger than at 3m for the u component.

The vector currents in component form were considered for
the wind farm location (Table 2). The correlations at the wind
farm are consistent with their distance from the ADCP but this
is not the case for the rms difference. Fig 4 shows that the rms
difference for the u (a) and v (b) components increases with
distance from the ADCP but at cells 198 and 217 it is over dou-
ble the average for that same distance. Other outliers are also
present on Fig 4, however these are not co-located with the
wind farm. As such the wind farm is not thought to be the main
cause of the outliers. Another contributing factor to differences
at the wind farm location is the cross-over angle, β.

Fig 3:The comparison of the East and North components of radar cell 136 and ADCP B for a two-year current time series. R is
the correlation and RMSD the root mean square difference

Fig 4:The root mean
square, rms, difference
(m/s) between the east,
a), and north, b), dual
radar current component
and ADCP A current
18m above the bed
against distance from 
the ADCP
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Fig 5a demonstrates how the correlation between the
radar and ADCP varies with cross-over angle. For the major-
ity of cells this is excellent compared with previous studies
and most outliers occur for angles greater than 150° as
expected.29 Fig 5b shows how the rms difference between the
radar and ADCP varies with the cross-over angle and is a
distinctive ‘U’ shape. Cells 198 and 217 have large rms
differences but these appear consistent for the cross-over
angle at these locations, 164° and 163° for cells 198 and 217
respectively. The radar dual current vectors and radial 
current difference have been used to estimate the magnitude
of the crossover angle error as set out by Chapman and
Graber.19 The cross-over angle at the NHWF is therefore
estimated to introduce errors in the current amplitudes of
roughly 15cm/s−1. For cells within the recommended range
this is much less, roughly 3cm/s−1.

COMPLEX CORRELATION RESULTS
Treating the u and v currents as real and imaginary compo-
nents of a complex number the Pearson product-moment
correlation coefficient between the radar and ADCPs were
calculated using a circular correlation function. Current vec-
tors from radar cell 234 and ADCP-Aab18 have a correlation of
magnitude 0.93 and argument 2.4° (Table 2). These results
are very similar compared to the complex correlation of
magnitude 0.94 and argument 1.5° found by Howarth2 when
comparing the same measurement system for a one-year time
series in 2006, as was the case for radar cell 136 and the
ADCP-Bab20. At both locations the ADCP and radar correla-
tion is high and the currents agree to within a similar order of
the azimuthal resolution of the radar. The rms differences 
are again towards the larger end of the range compared to

previous studies but are acceptable as they are a smaller
percentage of the mean current magnitude. 

Howarth2 found the complex correlation magnitude
between the radar and ADCPs to be less for the bin 3m above
the bed than at the 18m and 20m bins and this was also the
case for the two-year extended time series. The mean currents
magnitudes at the bed were found to be approximately 25%
less, possibly due to shearing forces, current stratification and
bed friction. The complex correlation magnitudes between the
bed and the surface calculated2 for ADCP-Aab3 of 0.93 and 0.92
for ADCP-Bab3 compare well to the values found for the two-
year current comparison of 0.83 and 0.89 for ADCP-Aab3 and
Bab3 respectively (Table 2). The directional agreement is also
reasonable, within 10° of each other, given the different ADCP
deployments and is again close to the directional resolution of
the radar. The high agreement between the ADCP bed level
currents and the radar is another indication of how dominant
the tidal forcing is within this region.

Comparing the radar and ADCP A currents 2 and 3m
below surface (2m below the surface is regarded as the
ADCP surface current) show exactly the same high correla-
tions (Table 2) as for the constant ADCP-Aab18 bin currents
and rms differences within 0.6cm/s−1 of each other. The
ADCP A 3m below surface currents show a slight improve-
ment in rms difference that those at 2m but it is small and
overall the currents appear will mixed at this location, as was
the case when comparing u and v components at 2m and 3m
below the surface. This is also seen at ADCP B but in this
instance the better agreement between the radar and ADCP
currents at 3m below the surface is more significant. There is
a noticeable decrease in the rms difference using ADCP
currents at 3m below the surface at ADCP B and better
agreement of the radar and ADCP mean magnitude and
direction for both ADCP A and B. 
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Fig 5: a) The correlation, r, between the dual radar east current and ADCP B current 20m above the bed against cross-over
angle. b) The root mean square, rms, difference (m/s) between the dual radar east current component and ADCP B current
20m above the bed against cross-over angle
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TIDAL ANALYSIS RESULTS
Tidal analysis has been carried out on the vector current com-
ponents. The ADCP and radar measured u components and the
reconstructed tidal series are very well correlated, above 0.96,
and have small rms differences of below 2cm/s−1. The weaker
north components are still quite strongly correlated with the
tidal reconstructed series, 0.68 or greater, and again have small
rms differences. The radar and ADCP ellipses phases show
good agreement within 3° and amplitudes with a difference of
2cm/s−1. This level of agreement was also seen by Prandle31

who found the semi-major axis of the M2 tidal frequency to
have a precision of less than 0.5cm/s−1 for a region where tidal
currents are dominant. 

The 10 tidal frequencies used are shown to account for
most of the tidal variance. Table 3 shows the percentage of
tidal energy removed by each of the 10 tidal constituents and
their totals. The dominant tidal frequency is clearly seen to be
the M2 constituent accounting for over 77% of the u compo-
nent amplitude and the 10 tidal frequencies together account-
ing for over 91%. The v component is seen to be less tidally
dominated with the M2 component accounting for between
22% and 40% and between 29% and 49% of the v current
component is attributed to these 10 tidal frequencies in total.

Due to the lower percentage tidal frequency accounting for
the v component amplitudes an extended set of 20 frequen-
cies was tested, however these were not found to increase the
percentage of energy removed by more than 1%.

Both the ADCP and radar appear to measure the tidal
current amplitudes and directions with excellent agreement.
How well they are capturing surface effects was investigated
by looking at the correlations and rms differences between
their residual currents (Table 2). The residual current is repre-
sentative of forcing from tidal frequencies not used in the
harmonic analysis, the wind driven current element, other
surface process, and non-linear interactions. Most significant
was the improvement in correlation of the radar and ADCP
residual north component by taking the 2m or 3m below
surface currents as opposed to the current at the constant bin
height suggesting more surface effects are captured. 

The correlations of the residuals with wind measurements
taken on Hilbre Island (Table 4) were investigated to assess
how this surface effect is measured by both the ADCP and HF
radar. When including all available wind data correlations
with the radar residual currents being moderate (around 0.4)
agreement with ADCP is limited. Stronger winds are expected
to have more of a forcing effect on the current and be indica-
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Percentage of tidal energy removed by specific tidal frequencies (%)
Radar Radar ADCP ADCP Radar Radar ADCP ADCP 
234 E 234 N Aab18 E Aab18 N 136 E 136 N Aab20 E Aab20 N

O1 0.020 0.10 0.03 0.048 0.023 0.029 0.019 0.028
K1 0.017 0.092 0.02 0.073 0.029 0.031 0.032 0.14
N2 2.24 1.06 2.63 0.86 1.73 1.41 1.83 0.84
M2 77.72 22.51 78.89 33.86 79.25 29.89 77.36 40.99
S2 9.34 3.25 10.1 5.46 9.48 6.08 10.68 6.34
K2 2.23 1.14 2.1 1.09 1.49 1.53 1.69 1.06
M4 0.23 0.66 0.22 1.44 0.29 0.44 0.15 0.12
MS4 0.038 0.21 0.043 0.33 0.036 0.017 0.0066 0.015
S4 0.0026 0.0007 0.0017 0.023 0.0022 0.0011 0.0012 0.020
M6 0.042 0.0097 0.018 0.048 0.021 0.067 0.053 0.16
Total 91.9 29.0 94.1 43.2 92.4 39.5 91.8 49.7

Tidal 
Frequency

Table 3:The percentage of current attributed to the ten tidal frequencies used in the tidal analysis of data and in creating the
residual current time series

All wind speeds, 0 m/s + Wind speed >= 12 m/s
(Calm Winds +) (Strong Breeze +)

East North East North
Radar Cell 136 0.38 0.44 0.47 0.77
Radar Cell 234 0.36 0.42 0.48 0.72
ADCP Abs2 0.07 0.33 0.01 0.30
ADCP Abs3 −0.02 0.26 −0.037 0.25
ADCP Aab18 −0.04 0.25 −0.06 0.26
ADCP Bbs2 0.16 0.15 0.19 0.19
ADCP Bbs3 0.12 0.094 0.09 0.079
ADCP Bab20 0.15 0.15 0.10 0.18
Radar 234 minus ADCP Aab18 0.39 0.29 0.47 0.57
Radar 136 minus ADCP Bab20 0.22 0.22 0.32 0.48

Residual current
time series

Table 4:Wind and residual current time series correlations. ADCPs are bed mounted and measurement bins are 2m and 3m
below the surface (bs2 and bs3 respectively) or h metres above the bed (abh)
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tive of higher sea state conditions and so a high-pass threshold
was applied for winds >12.3ms−1 (12% of data), categorised as
a strong breeze. The east component again showed moderate
positive correlation, however the radar component v residuals
at cell 234 and 136 were found to have much stronger corre-
lations of 0.72 ± 0.02 and 0.77 ± 0.02 at the 95% confidence
limit, respectively. This shows, particularly for the north
direction, that wind driven current elements will account for a
significant proportion of the residual current.

Correlations between wind and ADCP residuals are
negligible at the 95% confidence limit for the ADCP meas-
urements at a constant bin height and improve slightly when
using the 2m and 3m below surface currents. Wind effects
are therefore not propagating deep enough for the ADCP
closest surface bin to be distinguishable above noise level
and the radar, which directly observes the ocean surface, is
best suited to observe surface wind effects.

Correlations with wind data using the alternative method
for calculating residual surface current, as defined by
Ebuchi32 are also given in Table 4. It was found that for a
strong breeze both the east and north currents had moderate
correlations comparable to those found by Ebuchi, however
these are not as good as when using the residual surface
current calculated from tidal analysis. 

CONCLUSIONS
The continuous two-year time period has enabled data compared
to have sampled a wide variety of environmental conditions.
Currents in Liverpool Bay are found to be consistent over this
period and the correlations between the ADCP and radar are
greater than previously reported, >0.9. North-south currents in
Liverpool Bay are on average 65% smaller than east-west cur-
rents which are tidally dominated by the M2 tidal frequency. Due
to tidal dominance of the east-west direction the radar and ADCP
currents are highly correlated at both surface and bed level. 

The results show excellent agreement with Howarth2 at
ADCP-Aab18 and Bab20. Agreement between currents 3m above
the bed is slightly less but still has a large positive correlation,
>0.83. The rms differences were very similar between both
radar-ADCP comparisons for magnitude and direction and
are comparable to the differences found by previous studies.
Although the rms differences are at the large end of the range
found previously the mean current magnitude is much larger
than the rms difference. 

The results show surface effects are better observed by the
radar than the ADCP, even when comparing the near surface
ADCP bin, although this does improve on the comparison
with the ADCP at a constant bin height. This is due to the fact
that the radar observes these effects directly and the closest an
ADCP measurement can be made is 2m below the surface.
The residual correlations with wind data support the radar as
the preferred method to observe surface effects from wind
and there was significant positive correlation between the
radar residual current with winds of 12.3ms−1 or more. 

Using currents in component form showed a significant
advantage in using an ADCP current time series at 2m or 3m
below the surface, compared with a constant bin height,
particularly for comparing north components. For east cur-

rents there appeared to be no advantage to using the ADCP
currents at 2m below the surface as the rms differences are
increased and in this case the evidence suggests using the 3m
below surface current is a better option. This is also evident
when treating currents in vector form and better highlights
differences between using an ADCP current at a constant bin
height compared with one at a constant depth. 

The ADCP averages through the water column in 1m bins,
the centre of which is a varying height above the bed depend-
ing on the deployment. This results in the 2m below surface
current time series including backscatter in the averaging from
between 1.5 and 2.5m below the surface and may introduce
some side lobe contamination from reflections off the surface.
The 3m below surface current time series does not have this
issue as backscatter is from 2.5 and 3.5m below the surface.
This is evident in the greater correlations and smaller rms
differences found for the 3m below surface current compared
to the 2m below surface current.

The wind farm region has consistently yielded lower
correlations and larger rms differences between the radar and
ADCP current measurement. After consideration this is
thought to be a combination of degradation due to the large
cross-over angle, β, and distance from the ADCPs location
and not a direct consequence of the wind farm itself.
Comparing the radial and dual current results the cross-over
angle in the wind farm location is thought to introduce errors
in the current amplitudes of roughly 15cm/s−1, and roughly
3cm/s−1 in regions where the cross-over angle is within the
required range. The wind farm is expected to have a greater
influence on waves than on currents as the first-order linear
ocean backscatter has a much better signal to noise ratio then
the second-order side bands that characterise the non-linear
response of the ocean surface used for wave measurements.

Overall the HF WERA radar in Liverpool Bay has been
shown to provide consistent current measurements over a
significant period of time with considerable accuracy over an
extensive region, compared to current measurements made by
ADCP. The radar is also shown to be a more appropriate tool
to measure surface effects, compared to the bed mounted
ADCP, in particular the observation of wind effects.

Future work in Liverpool Bay should include looking at a
before and after comparison of the currents and waves at the
Rhyl Flats wind farm by comparison with ADCP, buoy and
POLCOMS model results, as the cross-over angle for this
region is well within the accepted standard range. 
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